INTRODUCTION
According to the American Heart Association, cardiovascular diseases are the number one cause of death globally. 1 In particular, myocardial infarction (MI), which is widely known as heart attack, is one of the major causes of death associated with cardiovascular disease. MI evokes obstruction of blood flow to the heart, leading to oxygen deficiency in the heart muscles and ultimately cell death. 2 As a result, the remaining muscle tissue undergoes structural and functional remodeling indicated by ventricular wall thinning and chamber dilatation. 3 The limited regeneration capability of the adult cardiomyocytes in the heart prevents the tissue to regenerate fully on its own. 3, 4 Thus there is a tremendous need for new treatment strategies to remedy dysfunctional hearts.
Synthetic implants to replace heart function, such as left ventricular assist devices, have been shown to be a useful therapeutic method for many years; however, they have a number shortcomings, such as limited lifespan and potential issues associated with infection and thrombosis. 5 Therefore cardiac transplantation remains a viable option to treat end-stage heart failure patients. 2 However, due to the limited number of organ donors and potential rejection problems, innovative alternative approaches are needed. 6, 7 Direct injection of cells into the cardiac muscle has been used as a method of delivering cells into the infarcted tissue. 4, 5, 8, 9 In vivo, this approach has been shown to achieve some success in regaining muscle function after MI. 10, 11 However, B90% of the injected cells die after implantation, demonstrating the importance of vasculature and appropriate tissue microarchitecture for cardiac tissue regeneration. 2, 8 In particular, environmental stress associated with the lack of a three dimensional (3D) flexible biomimetic microenvironment and direct exposure of single cells to oxygen tension, free radicals and inflammatory cytokines induce cell death. 10 Therefore, there is a significant need for engineered biomaterials that can be used as 3D matrices to efficiently deliver cells to the damaged cardiac muscle and facilitate myocardial regeneration.
To this end, tissue engineering strategies have been developed to replace damaged or diseased cardiac tissues. 2, 4, 9, 12, 13 Although tissue engineering platforms have been successfully used for engineering of avascular organs, generating artificial substitutes for highly vascularized cardiac tissues remains remarkably challenging. 14 Because of their highly tunable features, engineered hydrogels have been used to address these limitations.
Hydrogels are composed of 3D hydrophilic polymer networks that can swell upon exposure to water. 15 This property enables hydrogels to mimic specific aspects of the tissue microenvironments. 16, 17 Hydrogels are extensively used in cardiovascular tissue engineering owing to their ability to support cell adhesion and growth. 2, 18, 19 Additionally, hydrogels can be patterned by using microfabrication techniques to induce vascularization of engineered cardiac constructs or to direct the alignment of cardiac cells and consequently improve their functions. 14 Hydrogels provide mechanical support for cardiac cells to deposit extracellular matrix (ECM) and form the newly synthesized tissue as they degrade. 3, 10 Furthermore, physical and chemical properties of hydrogels can be easily tuned to enhance cell viability and function. Therefore, hydrogels are attractive materials for regeneration of the damaged myocardium.
Hydrogels from both natural and synthetic sources have been used for cardiac tissue engineering. Some of the widely used hydrogels include collagen, 2 gelatin, 2 Matrigel, 20 alginate, 21 fibrin, 2 poly(2-hydroxyethyl methacrylate) (PHEMA), 22 poly(Nisopropylacrylamide) (PNIPAAM) 23 and poly(ethylene glycol) (PEG). 3 These materials can be utilized either by themselves or in combination with cells. 24 In addition, growth factors can be embedded within these hydrogels to promote tissue formation. 25 In this paper, we will discuss traditional and next-generation hydrogels with oxygen-releasing, elastomeric and conductive features for their use in cardiac tissue engineering. In addition, we will summarize hydrogel-based platforms which can be used to promote vascularization and stem cell differentiation, for engineering functional cardiac tissues. Furthermore, we will provide examples that utilize various hydrogels, cell sources and novel delivery strategies to repair or regenerate the broken heart.
TRADITIONAL HYDROGELS FOR CARDIAC TISSUE ENGINEERING
Hydrogels have been widely used in regenerative medicine owing to their highly tunable chemical, physical and mechanical properties. 17, [26] [27] [28] [29] [30] [31] In particular, hydrogel-based materials have been successfully utilized in cardiac tissue engineering as structural/ mechanical supports to maintain cells in place, 2 promote vascularization, 32 deliver small molecules, 33 transplant cells 17 and fabricate cardiac patches. 34 The ability to tune the physical properties of hydrogels provides unique opportunities to control various cellular behaviors, including migration, proliferation and differentiation, and has strong influence on tissue healing following transplantation.
Hydrogels can be delivered into the heart to enhance the function of cardiac tissue without the use of cells. For instance, PNIPAAM, a temperature-sensitive material, was used in combination with hydroxyethyl methacrylate-poly(trimethylene carbonate) and acrylic acid (AAc) for delivery into the MI area in a rat model (Figure 1 ). 23 These hybrid hydrogels were shown to reduce the dilation of the left ventricle and improve cardiac function. In another study, it was shown that implanted plastic-reinforced PHEMA gels in a canine model had no significant inflammation after one year, demonstrating their potential as pericardial substitutes. 22 In addition to its non-cellular applications, temperature-sensitive PNIPAAM has also been used in combination with cells. 2 For example, a bilayered hydrogel from a temperature-responsive and non-responsive polymer was generated to investigate its potential use as an implantable cell-loaded delivery system. Neonatal rat cardiomyocytes were cultured on the hydrogels until they reached confluence. Subsequently, temperature was lowered, and the hydrogel sheets were curled/rolled into tubes owing to the difference in swelling properties of the bilayered polymers, resulting in the formation of cell-laden hydrogels for catheter-based delivery systems.
PEG hydrogels have been extensively used for engineering functional cardiac tissues. In one study, cardiomyocytes were encapsulated within Arginine-Glycine-Aspartic acid (RGD)-modified PEG hydrogels. 35 It was found that RGD-conjugated PEG hydrogels afforded significantly higher cell viability compared with their non-modified counterparts. Similarly, PEG in combination with thiol-modified hyaluronic acid was used to generate hydrogels that increased their stiffness over time. 36 The hybrid hydrogels were seeded with pre-cardiac cells from chicken embryo, and their cardiogenic differentiation was studied as a function of time. To closely mimic the conditions that occur during morphogenesis of the heart, the stiffening behavior of the hydrogel was tuned by varying the molecular weight of the crosslinker. The cells that were seeded on these hydrogels expressed significantly higher amount of cardiacspecific markers compared with the control gels with constant stiffness. In addition, muscle fibers were found to be more mature on the stiffer hydrogels.
Although hydrogels from synthetic materials (for example, PEG, PHEMA and PNIPAAM) demonstrated suitable mechanical properties, the use of native ECM molecules in their synthesis may lead to the formation of biomimetic constructs for cardiac regeneration. For example, Matrigel is a hydrogel that has been isolated from Engelbreth-Holm-Swarm tumors in mice. Previously, Matrigel has been used as a scaffold for delivery of human mesenchymal stromal cells into a mouse MI model, which was shown to improve cellular viability. 37 In another report, neonatal cardiomyocytes were suspended in Matrigel and seeded within collagen foams. 20 The in vitro constructs were demonstrated to become functional cardiac muscle tissues by utilizing pulsatile electrical stimulation. Similarly, Matrigel and collagen were mixed in a 1:1 ratio and used to encapsulate rat skeletal muscle cells and implanted in a rat MI model to improve cardiac function. 38 Fibrin is another natural gel that has been broadly used for cardiac cell encapsulation. In one example, neonatal rat cardiomyocytes were encapsulated in fibrin hydrogels to study the influence of cellular alignment on the function of the biomimetic tissues. 39 Gel contraction took place due to the presence of cells within the hydrogel constructs. Degradation of the fibrin gel enabled the encapsulated cardiomyocytes to deposit their own ECM, remodel and form aligned fibers. The results indicated that the alignment of cells augmented the twitch force upon electrical stimulation owing to the enhanced formation of gap junctions between cells. 39 Similarly, aligned cardiomyocytes within 3D fibrin hydrogels were shown to maintain their synchronous beating behavior even after 2 months of in vitro culture. 40 Collectively, these studies indicated that the alignment of cardiomyocytes has important implications for their function. In another study, primary cardiomyocytes that were transplanted into adult rats within fibrin gels were shown to provide a functional, vascularized and contractile tissue after 3 weeks. 32 Decellularized cardiac tissues have also attracted significant attention for cardiac regeneration. In one study, pig myocardial ECM was used to synthesize hydrogels. 41 The ECM material was isolated by processing decellularized porcine heart muscle. After characterization of the structure and composition of the ECM hydrogels, their potential to promote vascularization was investigated using endothelial cells (ECs) and smooth muscle cells. In addition, the ECM hydrogels supported high cardiomyocyte viability. Decellularized ECM-based hydrogels have strong potential for in vivo studies, particularly for delivery of cell-laden gels into the myocardium via syringe or catheter-based approaches.
EMERGING HYDROGELS FOR ENGINEERING CARDIAC TISSUES
Traditional hydrogels have been commonly used for engineering cardiac tissues; however, due to the current challenges there is a tremendous demand for the synthesis of next-generation hydrogels.
In this section, we will discuss emerging hydrogels with elastomeric, conductive and oxygen-releasing features that can be used to promote the formation of functional cardiac tissues.
Elastomeric hydrogels
Cardiac tissue is particularly challenging to engineer owing to its continuous exposure to mechanical deformations. The ideal hydrogel for cardiac tissue engineering should tolerate cyclic loading forces for the resulting construct to function properly. However, the majority of existing hydrogels are not highly elastic. Because of the elastic nature of cardiac tissues, tough and stretchable hydrogels are promising materials for generation of biomimetic constructs that are similar to their native counterparts. Previously, principles of both covalent and ionic crosslinking were used to fabricate polyacrylamide-alginate hydrogel blends using different ratios of both components. 42 The resulting hydrogels were tough and extremely stretchable. Such hydrogels have high potential to repair myocardium due to their biomimetic mechanical properties.
More recently, resilin-like polypeptide (RLP) hydrogels were reported for cardiac tissue engineering applications. 43 Hybrid hydrogels from RLP and PEG were fabricated by a Michael-type addition reaction. Assessment of mechanical properties of the hybrid constructs revealed that the resulting gels were highly resilient and demonstrated reversible elastic properties. Moreover, the encapsulated cells spread following 7 days of culture. The RLP-PEG hybrid gels are especially useful for engineering tissues that are under continuous loading forces, such as the cardiac muscle. The resulting gel can be used as an injectable biomaterial to repair myocardial disfunction.
Similarly, in another study highly elastic methacrylated tropoelastin (MeTro) hydrogels were synthesized by using recombinant human tropoelastin for cardiac tissue engineering. 44 Micropatterns were created to align neonatal cardiomyocytes on these elastic substrates. It was found that the micropatterned elastic hydrogels promoted alignment of primary cardiac cells ( Figure 2 ). In addition, maturation of cardiomyocytes was significantly improved on patterned gels compared with the cells that were seeded on flat substrates. This platform can potentially be used for regeneration of the cardiac muscle. The improvements in elasticity and stretchability of hydrogels could address issues of mechanical stability with current tissue models and result in functional biomimetic constructs.
Conductive hydrogels
The spontaneous beating behavior of the heart is controlled by the electroconductive networks within the cardiac tissue. 3 If cells are not connected properly, electrical signals do not propagate, resulting in a decrease in the performance of the heart. Therefore, it may be of benefit to use conductive hydrogels to improve the beating rates of cardiac cells. In one study, chitosan was modified by aniline oligomers to synthesize electrically conductive and degradable hydrogels. 45 Similarly, a mechanically stable conductive hydrogel was generated by electrodepositing paratoluenesulfonate within the heparinpoly(vinyl alcohol) network. 46 The hybrid conductive hydrogels promoted cell growth compared with the control samples, which did not include electrodepositing paratoluenesulfonate. Another conductive polymer, polypyrrole, was incorporated into oligo (polyethylene glycol) fumarate hydrogels. 47 The resulting composite hydrogel was shown to be photolabile and biodegradable. Because of its conductivity, the engineered composite has great potential for improving the contractile activity of the cardiac cells. In a more recent report, carbon nanotubes (CNTs) were embedded within gelatin-based hydrogels to yield hybrid biomaterials with improved mechanical properties and electrical conductivity. 48 In this work, CNTs were incorporated in gelatin methacrylate (GelMA) hydrogels at different concentrations. The results demonstrated tunable mechanical properties for the hybrid hydrogels, which may greatly modulate the cell behavior in various tissue engineering applications, including cardiac regeneration. In a follow-up study, engineered cardiac patches were fabricated by seeding neonatal rat cardiomyoctes on CNT-reinforced GelMA hydrogel films. 49 The highly porous electrically conductive hybrid constructs significantly improved cardiomyocyte adhesion, alignment, organization and maturation. Additionally, electrophysiological functions of the cardiomyocytes were improved. This system resulted in the formation of tubular and planar 3D free-standing actuators (Figure 3) . Similarly, graphene oxide was incorporated into GelMA hydrogels to generate electrically conductive hydrogels. 50 Development of such biocompatible conductive hydrogel systems is of vital importance for myocardial regeneration research.
Conductive nanowire reinforced patches were also developed for cardiac tissue engineering. 34 Because of the poor conductive nature of currently available polymers, resulting cardiac patches do not function effectively. To tackle this hurdle, alginate hydrogels were loaded with conductive gold nanowires. Electrical communications between neighboring cardiomyocytes was significantly enhanced upon the addition of gold nanowires into alginate patches. Electrical stimulation improved the alignment of neonatal rat cardiomyocytes on the conductive material inducing synchronous contractions. The cardiac cells that were grown on the nanowired patches also demonstrated significantly higher expression of cardiac proteins. Such conductive biomaterials are anticipated to enhance the therapeutic efficiency of existing cardiac patches.
Oxygen-releasing hydrogels Development of 3D thick tissues relies on the presence of a vascular supply. 51 Cells do not receive sufficient oxygen and nutrients if they are located more than a few hundred micrometers away from blood vessels. [51] [52] [53] [54] [55] Oxygen-releasing biomaterials can be used as an alternative to provide adequate oxygen to cells. 56, 57 For example, fluorinated compounds 58 or peroxides have been incorporated into scaffolds to enable the controlled release of oxygen. 51, 59 Such 3D biomimetic materials can be fabricated in the form of thin polymer films, 60 electrospun fibers, 61 porous scaffolds 62 and hydrogels. 63, 64 The use of oxygen-releasing materials is particularly useful for providing sufficient amount of oxygen, especially during the early stages of in vitro cultures and in vivo implants. 56, 65 Thus, such systems may be beneficial for regeneration of damaged or diseased cardiac tissues. Despite their merits, however, these materials have a number of limitations. For example, the sustained release of oxygen over extended periods of time is a challenge and the byproducts of some of these systems may be toxic.
A common reagent for oxygen generation is hydrogen peroxide. 66 However, this reagent induces rapid generation of oxygen, which is not desirable for cellular applications. Oxygen can also be incorporated into biomaterials by means of solid peroxide compounds. 56 For instance, solid reagents such as calcium peroxide, magnesium peroxide or sodium percarbonate can be incorporated into scaffolds to generate oxygen. When these solid compounds come into contact with water, they start producing oxygen. Because of the potential risks to induce cellular damage that may be caused by the generation of excess amount of free radicals, burst release of oxygen should be avoided. The oxygen release kinetics can be controlled by varying the degree of hydrophobicity of the material that is used to encapsulate solid peroxides, pH, or temperature.
Oxygen-releasing hydrogels are a highly promising class of functional biomaterials for cardiac tissue engineering. 56, 57 To tackle diffusion limitations and form vascularized tissues, porous oxygenreleasing hydrogels can be used. For example, in a recent study the potential of an oxygen-generating thermoresponsive hydrogel to improve the viability and differentiation of cardiac stem cells towards regeneration of myocardial infarcted tissues was investigated. 64 In this work, hydrogen peroxide and poly(2-vinlypyrridione) were encapsulated within poly(lactide-co-glycolide) microparticles. The oxygen-releasing microparticles were then incorporated into the thermoresponsive hydrogel precursor made of hydroxyethyl methacrylate-oligo(hydroxybutyrate), NIPAAm and AAc. The stiffness of the hydrogel was adjusted to be similar to that of the native heart muscle. Cardiosphere-derived cells (CDCs) were homogeneously encapsulated within the polymer precursor and cultured under hypoxic environment (1% O 2 ) for 14 days. The viability of CDCs was found to be significantly enhanced upon incorporation of oxygen-releasing microparticles. Furthermore, differentiation of the CDCs into cardiomyocytes was achieved within the oxygen-generating hydrogel under hypoxic conditions. This approach is expected to improve the generation of functional biomimetic constructs for repairing the ischemic cardiac tissue after MI and enhance the efficiency of existing cell delivery platforms.
APPLICATIONS OF ENGINEERED HYDROGELS IN CARDIAC TISSUE ENGINEERING
In the previous sections, we have discussed the major challenges associated with biomaterial properties in cardiac tissue engineering and the most plausible remedies to address these issues. Among the promising regenerative materials, hydrogels constitute a powerful class of substances for a broad range of biomedical applications, such as small molecule delivery, stem cell differentiation and tissue regeneration. The first step in obtaining biomimetic hydrogels is to synthesize and characterize the biomaterial that will be in contact with the cells by using material science manufacturing approaches. To achieve this aim, physical and chemical properties (for example, water content, swelling, conductivity, elasticity, toughness, protein adsorption) of the hydrogels are determined. Subsequently, biological properties are assessed by testing the cellular response upon incorporation of cells into the hydrogel by using tissue engineering approaches.
Cardiac tissue engineering aims to form constructs that can closely mimic the native heart muscle. Towards achieving this goal, it is crucial to utilize physiologically relevant material properties for proper cell function. Moreover, it is essential to use the most suitable cell source and supplementary biomolecules to obtain functional cardiac tissues. This has important implications in cardiac differentiation and vascularization processes. In this context, engineered hydrogels are emerging materials for directing stem cell differentiation and growth factor presentation to improve cell survival and vascularization processes. In the following section, we will summarize the use of hydrogels for generation of functional cardiac tissues.
Directing stem cell differentiation into cardiac lineage
Cells for cardiac tissue engineering should perform the appropriate function while not being rejected by the patient's immune system. So far, a wide range of different cell sources have been utilized in engineering cardiac tissues. 6, 9 For instance, primary cardiomyocytes, 3 8, 67 and mesenchymal stem cells (MSCs) 3, 8, 9 have been used in efforts to regenerate the damaged myocardium. Because of the limited access to primary cardiomyocytes and their minimal capability for expansion in vitro, alternative cell sources were used as mentioned above. Among these cell types, stem cells have been shown to be greatly promising candidates for transplantation following MI to rebuild the damaged muscle and improve the function of the heart. In particular, MSCs, PSCs and CPCs have demonstrated high cardiac differentiation potential.
MSCs can differentiate into cardiomyocytes both in vitro and in vivo. In addition, MSCs have the ability to secrete growth factors, which can promote vascularization. 72, 73 Cardiac differentiation of MSCs was reported in vivo after implantation into the hearts of various animal models. 72, 73 However, only a limited population of MSCs are believed to differentiate into cardiomyocytes following transplantation. In vitro differentiation of MSCs into cardiac cells has been promoted by co-culturing them with cardiac cells 74, 75 or by using biochemicals such as 5-azacytidine. 76, 77 Additionally, more recently it was found that 3D cellular alignment could significantly promote differentiation of MSCs into cardiomyocytes without using chemical reagents or co-culturing with other cell types. 78 In this work, MSCs were aligned within the 3D structure of elastic tissue constructs. The expression of cardiac markers was significantly promoted by the enhancement in alignment, demonstrating a potential for cardiac regeneration.
Similarly, PSCs, including ESCs and iPSCs, have been differentiated into cardiomyocytes. [79] [80] [81] Recently, both 2D and 3D cardiac patches were fabricated by differentiating human ESCs into cardiomyocytes in fibrin-based matrices. 79 After 2 weeks of culture, highly functionalized cardiac tissues were formed by the alignment of ESCs in microfabricated hydrogel matrices containing staggered elliptical pores (Figure 4) . Immunostaining for cardiac markers exhibited expression of troponin T, sarcomeric a-actinin, connexin-43 and myosin heavy chain in both 2D and 3D gels. However, longer sarcomeres were formed in 3D patches compared with their monolayer analogs. In addition, the expression of cardiac genes, responsible for contractile activity of cardiomyocytes, were significantly upregulated in 3D patches compared with 2D, demonstrating the suitability of 3D environments for differentiation of ESCs into cardiomyogenic lineage.
Differentiation of PSCs into cardiac cells has been shown to be promoted by applying electrical or mechanical stimulation during in vitro culture. For example, it was found that cardiac differentiation of human ESCs were promoted by applying electrical stimulation using a bioreactor. 82 In another study, it was demonstrated that uniaxial mechanical loading promoted the cardiomyocyte differentiation of human ESCs within 3D collagen hydrogels. 83 It was found that the application of mechanical stimulation enhanced cardiomyocyte alignment, hypertrophy, proliferation as well as the formation of sarcomeric bands. To further improve the function of engineered cardiac tissue construct, ECs and stromal cells were co-cultured with ESC-derived cardiomyocytes to form a tissue construct containing highly vascularized networks. In addition, the use of co-cultures was shown to promote the proliferation of cardiomyocytes and facilitate the formation of vasculature in 3D constructs. The engineered cardiac tissues were also shown to integrate with the host myocardium after transplantation.
It has also been reported that native cardiac ECM can induce the differentiation of human ESC into cardiomyocytes without the use of exogenous growth factors. 80 Human ESC-derived cardiomyocytes were encapsulated in hybrid hydrogels composed of decellularized cardiac ECM from porcine heart and collagen type I. It was found that the population of ESCs that express troponin T increased when a hydrogel with higher concentration of ECM was used. In addition, hydrogels with a high ECM content promoted the function and contractile activities of cardiac cells as evidenced by higher expression of troponin I and connexin-43 compared with low-concentration ECM gels or pure collagen gels. 80 Similarly, functional human heart tissue was engineered by using human ESC-derived cardiomyocytes in a fibrin gel. 84 Highly organized and oriented networks of sarcomeres were formed within the hydrogel matrix. In addition, the cells exhibited spontaneous contractions from 5 to 10 days after seeding up to 8 weeks of culture. 84 In another study, photocrosslinkable PEGylated-fibrinogen was used to transplant human ESC-derived cardiomyocytes. 81 Cell-loaded gels were delivered into the hearts of rats using a MI model. The post-MI ventricular performance significantly improved 30 days after delivery, demonstrating the capability of the hydrogel to act as a cardiomyocyte carrier without inducing unfavorable cardiac remodeling.
In addition to ESCs, recently iPSCs have been used as a promising cell source for in vitro cardiomyocyte differentiation studies. These cells were established by transduction of specific transcription factors (for example, Oct3/4, Lin28, Nanog, SOX2, Klf4, c-Myc) into mouse 85 or human 86, 87 fibroblasts. In a recent study, artificial cardiac tissues were engineered by differentiating human ESCs and iPSCs into cardiomyocytes using collagen type I and Matrigel. 88 It was shown that the function and contractile properties of engineered cardiac tissues could be significantly improved by the addition of ascorbic acid and application of cyclic stretching. Differentiation of cardiomyocytes from iPSCs can provide an autologous cell source for cardiac tissue engineering applications. In addition, iPSCs have shown great potential for investigating the mechanism of diseases and drug screening applications. However, some of the limitations associated with iPSC technology for clinical applications include possible formation of tumors in vivo and limited efficiency of their generation. 89 CPCs that express stem cell factor protein receptor (c-Kit þ ) and stem cell antigen 1 (Sca-1) possess the ability to differentiate into cardiomyocytes, smooth muscle cells and ECs. It has been shown that c-Kit þ CPCs regulate cardiomyogenesis during in utero development 90 and can differentiate into cardiomyocytes during cardiac hypertrophy. 91 c-Kit þ CPCs can be isolated from patients with various congenital heart defects, expanded in culture and differentiated towards the cardiomyogenic lineage. 92 Recently, it was reported that c-Kit þ stem cells promoted the formation of myocardium containing a network of blood vessels 20 days after injection into the infarction site of adult rats. 93 Similarly, intravascular delivery of c-Kit þ stem cells through the coronary arteries of rats has been shown to promote myocardial regeneration and reduce infarct size in a less invasive manner compared with surgical procedures. 94 Other studies have also shown in vivo differentiation of c-Kit þ stem cells to smooth muscle cells and ECs was promoted by in vitro activation of cardiac cells with insulin-like growth factor (IGF) and hepatocyte growth factor. 95 This resulted in the formation of capillaries, which were integrated with the host vasculature upon implantation. In addition, Sca-1 expressing stem cells isolated from the heart may have the capability to differentiate into cardiac cells after treatment with 5-azacytidine in vitro. However, their differentiation into cardiac cells occurred with fusion to host cells in some cases when they were intravenously delivered into an infarct site in myocardium. 96 Despite significant success in using CPCs for cardiac tissue engineering, there are still challenges for clinical applications of CPC-derived cardiomyocytes, including their low differentiation efficiency and poor maturation behavior. As an alternative approach, combining CPCs with 2D and 3D hydrogel networks could improve their differentiation into cardiomyocytes. It is anticipated that the incorporation of CPC and EC co-cultures within hydrogel networks will potentially open a new avenue toward engineering 3D vascularized cardiac tissues.
Although stem cell therapies have enormous potential in regenerative medicine, there are still challenges associated with their use as a reliable cell source for cardiac tissue engineering applications. 67 The ideal cell source for cardiac differentiation should be easily harvested, maintained in culture, proliferate, be compatible with the host immune system. It should also possess strong potential to differentiate into functional cardiomyocytes with proper function and contractile activity. The development of reliable and efficient methods of differentiation and maturation of patient-derived stem cells to cardiomyocytes, and their subsequent integration into hydrogel materials, can lead to significant progress in the development of stem-cell based therapies for the repair of myocardium.
Growth factor delivery for cardiac tissue engineering
To enhance the efficiency of current tissue engineering models, it may be of benefit to incorporate growth factors and small cytoprotective molecules into cell-laden hydrogels for cardiac regeneration. As tissue healing takes weeks to months, the ability to provide sustained and controlled delivery of small molecules is a crucial step forward for the development of clinically successful regenerative therapies.
Because of the very low survival and engraftment rates associated with cell delivery into the myocardium, small molecules have been used to enhance cellular viability and integration. 9 Therapeutic potential of cells can be augmented by pre-treating them with growth factors or cytokines to increase their attachment, survival, migration and differentiation capacity. 9 For example, interleukin-8/Gro-a, stromal derived factor-1, vascular endothelial growth factor (VEGF), IGF-1, hepatocyte growth factor, fibroblast growth factor (FGF), integrin-linked kinase, Akt and glycogen synthase kinase have been extensively used to enhance viability and engraftment potential of delivered cells for cardiac therapy. 9 The long-term goal is to differentiate the delivered stem cells into functional cardiomyocytes for regeneration of the damaged tissue. To enhance the differentiation of stem cells, cytokines and growth factors such as IGF-1, FGF, Wnt-5a, Wnt11, bone morphogenetic proteins 2 and 4, transforming growth factor-beta1 have previously been utilized. 9 Hydrogels have been modified with small molecules for their sustained release over extended periods. 97 Because of their delicate structures, protein-based materials may be challenging to chemically incorporate into hydrogels. In one study, cellulose polymers were covalently modified with a bioactive protein with a tunable rate of release. 98 The therapeutic fusion protein SH3-rhFGF2 was produced in Escherichia coli and then attached to thiolated methyl cellulose via Michael-type addition reaction. The peptide-modified methyl cellulose was then mixed with hyaluronan to form hydrogels. The release of the fusion protein was characterized up to 10 days in vitro. This can be an attractive strategy in cardiac tissue engineering for localized delivery of cytoprotective growth factors. In other studies, IGF and VEGF delivery was shown to prevent cellular damage by apoptosis or necrosis. 97, 99 In addition to cell survival, small molecule/growth factor delivery can also be utilized to promote vascularization processes and improve functionality of tissue constructs. 51, 55, 100, 101 For example, in one study angiopoietin-1 and VEGF were incorporated into hyaluronan gels with and without heparin. 102 The growth factors were retained within the gels due to their affinity to heparin. Formation of microvessels was found to be more pronounced in heparin-containing conditions in a mouse model. Similarly, sustained delivery of recombinant human VEGF was carried out within injectable alginate-based hydrogels. 103 New functional blood vessels were formed, and an improvement in the angiogenesis behavior was observed. This method is applicable for other growth factors and cell types and can be used for the generation of vascularized cardiac tissues in future.
Recently, basic FGF was incorporated in gelatin-based hydrogels and implanted in a pig model of chronic MI. 104 Engraftment and differentiation of human CDCs in ischemic cardiac muscle were significantly improved by the controlled delivery of basic FGF from the hydrogel. Furthermore, perfusion and contractile properties of the pig myocardium were significantly enhanced due to the formation of microvascular networks ( Figure 5 ). The results of this study are critical in the development of therapeutic approaches for human clinical trials to treat cardiac failure.
In addition to the release of a single growth factor over time, sequential delivery of growth factors is an alternative way to enhance myocardial repair. The feasibility of this approach was demonstrated through dual delivery of HGF and IGF-1 loaded in an injectable alginate gel in a rat model of acute MI. 105 The scar fibrosis and infarct expansion were decreased, whereas formation of blood vessels and angiogenesis were increased in 4 weeks. As a result, restoration of myocardial tissue and cardiac function was promoted.
CONCLUSIONS AND FUTURE OUTLOOK
Cardiovascular disease is the leading cause of death globally. Because of the lack of organ donors, alternative approaches are essential for restoring the cardiac function after a heart attack. One strategy is to utilize tissue engineering platforms for generation of artificial constructs. The ability to fabricate properly functioning tissue replacement is dependent on the availability of biomimetic materials with highly tunable features.
Hydrogels are a potentially powerful class of biomaterials for cardiac tissue engineering. Hydrogel platforms have been widely utilized for controlling and directing cellular behavior. Functional hydrogels with responsive properties will be a key step toward engineering the heart and forming cardiac tissue substitutes in the future. For example, hydrogels that have the ability to mimic the mechanical properties of heart muscle may enable the generation of functional constructs for myocardial regeneration. The cardiac environment is highly dynamic, thus elastic materials are anticipated to better match the compliance of the tissue. In addition, elastomeric biomaterials can provide the flexibility and capacity for sustained cycles of expansion and contraction. Thus, tough and stretchable hydrogels may be beneficial for cardiac regeneration. Also, due to the electrophysiology of the native heart, conductive materials offer unique opportunities to enable the propagation of electrical signals during cardiac cell beating. Therefore, there is a growing demand for the synthesis of hydrogels that can enhance electrophysiological properties of cardiac cells within engineered constructs. To achieve this goal, hybrid hydrogels will be fabricated by incorporating conductive components into the scaffolds. In addition to elastomeric and conductive hydrogels, oxygen-releasing hydrogels are expected to make a significant impact toward the generation of biomimetic cardiac constructs. To form 3D tissues of clinically relevant sizes, it is essential to supply sufficient oxygen over an extended period of time in a sustained and controlled fashion. Consequently, porous oxygen-releasing hydrogels will help in tackling diffusion limitations and forming vascularized tissue mimetics.
In the future, it may be of great benefit to engineer biomaterials that have combined properties of elasticity and conductivity. For instance, conductive elastomers are highly promising next-generation materials for cardiac tissue engineering. Another direction for the future is merging microfabrication techniques with biomaterial design to engineer highly vascularized cardiac constructs with controlled architectures. The design of advanced bioreactors, which can be used to apply electrical and mechanical stimulation simultaneously on the engineered cardiac tissues, can be another useful research avenue. It is expected that functional hybrid hydrogels will enable us to mend the myocardium after injuries.
Other crucial elements to mimic the native cardiac tissue include incorporation of renewable cell sources and small biomolecules. In this context, it will be of great importance to utilize stem cells and growth factors in combination with micropatterning techniques to promote cardiogenic differentiation and vascularization events. We anticipate that pre-vascularized off-the-shelf cardiac tissues will meet the current needs of regenerative engineering and offer new opportunities for generation of novel tissue substitutes.
It is expected that hydrogel-based platforms with improved properties such as electrical conductivity, elasticity, vasculogenic potential, and oxygen supplementation will control and direct cellular behavior, resulting in the formation of functional cardiac tissues.
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